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The nematode PAR-1 gene is required for asymmetric 
cell divisions during development, Recently identified 
mammalian PAR-1 homologues are kinases that 
phosphorylate microtubule associated proteins; their 
over-expression disrupts the microtubule cytoskeleton, 
and alters cellular structure and organization. 
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Cells fre.quently have a distinct polarity which can be 
exhibited in many ways - -  for example, asymmetric cell 
division, specific orientation of the division plane relative 
to the cell axis [1], and asymmetric distributions of 
proteins in the cytoplasm or plasma membrane [2]. It is an 
interesting question whether there are similarities 
between mechanisms that establish cell polarity in these 
various different contexts. Recent discoveries concerning 
mammalian homologues of genes implicated in asymmet- 
ric cell division in the nematode Caenoraabditis degans 
suggest hat the mechanisms that specify cell polarity do 
indeed show conserved features. 
Cell polarity is critical to the formation of distinct cell 
lineages in C. degans development [3]. The first division 
plane of the zygote forms perpendicular to the 
Figure 1 
anterior-posterior axis and at the posterior pole (Figure 1). 
This division gives rise to the AB and P1 cells, which in 
turn are the founders of different cell lineages. Cytoplas- 
mic granules, termed P granules, are sorted into the Pl cell 
lineage. In the AB cell lineage, subsequent division planes 
occur at 90 ° to the previous cleavage plane. In the Pt cell 
lineage, successive divisions orient in the same axis as the 
first division plane, as a result of the directed rotation of 
the mitotic spindle parallel to the anterior-posterior axis 
before each division. The asymmetric division of the 
zygote can be disrupted by mutation, and a set of six 'PAR' 
genes has been identified by the way mutations i  any one 
results in symmetrical division of the zygote [4]. Subse- 
quent divisions are normal but synchronous in par-I 
mutants; the AB cell spindle is rotated 90 ° from normal in 
par-3 or par-6 mutants; and the P1 cell spindle fails to 
rotate in par-2 mutants. 
The PAR-1 protein has motifs shared by serine/threonine 
kinases (see below), and a carboxy-terminal domain that 
contains two putative amphipathic helices. PAR-1 
becomes restricted to the periphery at the posterior pole of
the zygote prior to the first division, and is subsequently 
localized to the posterior pole during successive division of 
the P1 cell lineage [5]. The PAR-2 protein has a myosin- 
like ATP-binding site and a cysteine-rich domain, a d has 
a similar subcellular distribution in the zygote to that of 
PAR-1 [6]. PAR-3 protein has three 'PDZ' domains, similar 
to those found in members of the 'MAGUK' protein family 
[7], which may form protein-protein i terfaces. PAR-3 is
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The Caenorhabditis elegans zygote exhibits anterior-posterior polarity cell lineages. The PAR gene products play essential roles in the 
that is crucial for the subsequent development of distinct embryonic establishment of zygotic polarity. See text for details. 
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Results [13] indicate that the mammalian PAR-1 homologue (mPAR-1) plays an important role in the polarization of epithelial cells, perhaps by 
facilitating the controlled remodeling of microtubules during cell division. See text for details. 
localized to the anterior peripheral cytoplasm of the zygote, 
a distribution opposite to that of PAR-1 and PAR-2 pro- 
teins [8]. Little is known about the PAR-4, PAR-5 or PAR- 
6 proteins. 
How might PAR proteins regulate asymmetrical cell 
division and the polarized distribution of cell fate determi- 
nants? Early studies showed that depolymerization of 
actin filaments and microtubules disrupts the establish- 
ment of cellular asymmetry in the zygote [9]. Two actin- 
associated proteins have been identified that may directly 
orchestrate the establishment of cellular polarity and the 
orientation of division planes. An 'actin capping' protein, 
CP/actin, which binds to the barbed ends of actin fila- 
ments, has been found to be present in the anterior cortex 
of Pl cells, at the site of the previous cytokinesis, but not 
in the AB cell (Figure 1) [10]. CP/actin may capture astral 
microtubules and, perhaps via kinesin or dynein motors, 
pull on an attached centrosome, causing the spindle to 
rotate onto the anterior-posterior axis [9,10]. It is not 
known whether PAR proteins are involved in localizing 
CP/actin, although par-3 mutations result in the inappro- 
priate deposition of a CP/actin complex at the posterior 
pole of the AB cells, adjacent o the CP/actin complex in 
the Pl cells [8]. 
Another actin-associated protein, non-myosin-2 (Nmy-2), 
has recently been found to bind to the carboxyl terminus of 
PAR-l, and to co-localize with PAR-1 in the posterior 
periphery of the zygote (Figure 1) [11]. Depletion of Nmy- 
2 protein by injection of antisense RNA results in a sym- 
metrical division in the zygote, similar to that of par 
mutants, and a subsequent failure to rotate the spindle of 
the P1 cell, similar to that of par-6 orpar-3 mutants. Nmy-2 
might be involved at several stages of establishing cell 
polarity: in establishing the spatial distribution'of actin fila- 
ments in the zygote or following completion of the first 
division, or in localizing PAR proteins to the anterior and 
posterior poles of the zygote. 
What happens when a PAR gene is expressed in a 
mammalian cell? Two groups have recently reported ffects 
of overexpressing mammalian homologues of PAR-1. 
Drewes etal. [12] have characterized a family of serine/thre- 
onine kinases, termed MARKs, that phosphorylate micro- 
tubule-associated proteins (MAPs), resulting in their 
dissociation from microtubules and increased microtubule 
instability. Two closely related MARK sequences have 
been determined that are approximately 70% identical to 
that of PAR-1. The sequences show that an amino-terminal 
kinase domain and carboxy-terminal mphipathic helices 
are highly conserved, although the carboxy-terminal region 
- -  which in PAR-1 binds to Nmy-2 - -  is not. Significantly, 
the microtubnle network, but not the actin cytoskeleton, 
was disrupted in the cells overexpressing MARK, many of 
which were smaller than normal and rounded up [12]. 
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Independently, B6hm et a/ [13] have overexpressed a 
mammalian homologue of PAR-1 (mPAR-1) in Madin- 
Darby canine kidney (MDCK) cells, which normally form 
an epithelial monolayer in which the cells have a clear 
apical-basal polarity. Significantly, the mPAR-1 was 
restricted to lateral membranes, below the apical junc- 
tional complex (Figure 1). With a deleted mPAR-1 lacking 
the kinase domain, transient expression in MDCK cells 
over a period of 2-4 days resulted in a loss of their charac- 
teristic cuboidal shape, apparent detachment of the cells 
from the substratum, and mislocalization of E-cadherin to 
the apical membrane domain. At later times, few cells 
expressing mPAR-1 were detected, although B/Shm et al. 
[13] report that remnants of transfected cells with apop- 
totic nuclei were found on the surface of the monolayer. 
What roles might mPAR-1 have in MDCK epithelial cells? 
The homology to MARKs suggests that mPAR-1 may reg- 
ulate microtubule dynamics. Microtubules have a specific 
organization in simple epithelial cells (Figure 2). At 
present, however, the effects on microtubules of overex- 
pressing wild-type or kinase-depleted PAR-1 have not 
been reported, nor is it known whether mPAR-1 affects 
protein delivery between the Golgi complex and other 
membrane domains in a way that could account for the 
abnormal distribution of E-cadherin in mPAR-l-overex- 
pressing cells. Perhaps of significance, however, is the 
observation by B/Shm et al. [13] that cells expressing 
kinase-depleted mPAR-1 adopt a 'bowl shape', become 
detached from the substratum, and eventually appear to 
be expelled from the monolayer and undergo apoptosis. 
One possibility is that these effects are due to abnormalities 
in cell division. Detailed studies of MDCK cell division by 
Reinsch and Karsenti [14] have shown that, prior to 
metaphase, the spindle undergoes a rotation of almost 90 °, 
and that the division plane forms parallel to the apical-basal 
axis of polarity (Figure 2). During this time, cells detach 
from the substratum and retract to the apical junctional 
complex. Although the mechanisms involved in the spindle 
rotation and cell-shape changes are unknown, Reinsch and 
Karsenti [14] suggested that microtubules are rapidly 
depolymerized during prophase, and that spindle rotation 
might be caused by astral microtubule capture at the apical 
junctional complex, a scenario similar to that proposed for 
spindle rotation in early C. elegans development (see above). 
It is possible mPAR-1 is activated during mitosis and 
initiates the remodeling of microtubules by increasing 
their instability, perhaps by phosphorylating MAPs. Sub- 
sequently, mPAR-1 might prevent astral microtubules 
from stably attaching to sites on the lateral membrane 
below the apical junctional complex. It is noteworthy that 
the apical junctional complex in MDCK cells contains 
several members of the MAGUK family of proteins that, 
like PAR-3 [8], contain PDZ domains [7]. Following 
cytokinesis, mPAR-1 might be inactivated by dephospho- 
rylation - -  possibly by phosphatase 2A, as demonstrated 
for MARK [12] - -  thereby allowing reassembly of the cyto- 
plasmic microtubule network. Overexpression of either 
full-length or kinase-depleted mPAR-1 might affect the 
ability of cells to enter mitosis, the plane of cell division, 
the subsequent reattachment of cells to the substratum or 
the reassembly of cytoplasmic microtubules. Affected cells 
might be expelled from the monolayer into the medium 
where, in the absence of cell-cell and cell-substratum con- 
tacts, MDCK cells undergo apoptosis [15]. 
The activities of mPAR-1 protein in cultured mammalian 
cells and the roles of PAR-1 protein in C. elegans develop- 
ment described above are consistent with this scenario, 
but further work will be required to test these various pos- 
sibilities. Nevertheless, the effects of mPAR-1 protein on 
microtubules and cellular organization further support he 
conserved nature of cellular polarization mechanisms used 
by diverse organisms. 
References  
1. Horvitz HR, Herskowitz I: Mechanisms of asymmetric ell division: 
two Bs or not two Bs, that is the question. Ceil 1992, 68:23?-255. 
2. Drubin DG, Nelson W J: Origins of cell polarity. Ceil 1996, 
84:335-344. 
3. Sulston J, Schierenberg E, White J, Thomson N: The embryonic ell 
lineage of the nematode Caenorhabditis elegans. Dev Biol 1983, 
100:67-119. 
4. Kemphues K_I, Priess JR, Morton DG, Cheng N: Identification of 
genes required for cytoplasmic loclization in early C. elegans 
embryos. Cell 1988, 52:311-320. 
5. Guo S, Kemphues K J: par-l, a gene required for establishing 
polarity in C. elegans embryos, encodes a putative ser/thr kinase 
that is asymmetrically distributed. Cell 1995, 81:611-620. 
6. Levitan D J, Boyd L, Mello CC, Kemphues K J, Stinchcomb DT: par-2, 
a gene required for blastomere asymmetry in Caenorhabditis 
elegans, encodes a zinc-finger and ATP-binding motifs. Proc Natl 
Acad Sci USA 1994, 91:6108-6112. 
7. Ponting CP, Philips C, Davies KE, Blake D J: PDZ domains: targeting 
signaling molecules to sub-membranous sites. BioEssays 1997, 
19:469-4?9. 
8. Etemad-Moghadam B, Guo S, Kemphues K.I: Asymmetrically 
distributed PAR-3 protein contributes to cell polarity and spindle 
alignmnet in early C. elegans embryos. Cell 1995, 83:743-752. 
9. Glotzer M, Hyman AA: The importance of being polar. Curr Biol 
1995, 5:1102-1105. 
10, Waddle JA, Cooper JA, Waterson RH: Transient localization of actin 
in Caenorhabditis elegans blastomeres with oriented asymmetric 
divisions. Development 1994, 120:2317-2328. 
11. Guo S, Kemphues K J: A non-muscle myosin is required for 
embryonic polarity in Caenorhabditis elegans. Nature 1996, 
382:455-458. 
12. Drewes G, Ebneth A, Preuss U, Mandelkow E-M, Mandelkow E: 
MARK, a novel family of protein kinases that phosphorylate 
microtubule-associated proteins and trigger microtubule 
disruption. Ceil 1997, 89:297-308. 
13. B6hm H, Brinkmann V, Drab M, Henske A, Kurzchalia TV: Mammalian 
homologues of C. elegans polarization gene product PAR-1 are 
asymmetrically localized in epithelial cells and may influence their 
polarity. Curr Biol 1997, 7:603-606. 
14. Reinsch S, Karsenti E: Orientation of spindle axis and distribution 
of plasma membrane proteins during cell division in polarized 
MDCKII cells. J Cell Biol 1994, 126:1509-1526. 
15. Frisch SM, Francis H: Disruption of epithelial cell-matrix 
interactions induces apoptosis. J Cell Biol 1994, 124:619-626. 
